Kaposi's sarcoma herpesvirus (KSHV) latent oncoprotein viral FLICE (FADD-like interferon converting enzyme)-like inhibitory protein (v-FLIP) or K13, a potent activator of NF-kB, has well-established roles in KSHV latency and oncogenesis. KSHV-induced COX-2 represents a novel strategy employed by KSHV to promote latency and inflammation/angiogenesis/invasion. Here, we demonstrate that v-FLIP/K13 promotes tumorigenic effects via the induction of host protein COX-2 and its inflammatory metabolite PGE2 in an NF-kB-dependent manner. In addition to our previous studies demonstrating COX-2/PGE2's role in transcriptional regulation of KSHV latency promoter and latent gene expression, the current study adds to the complexity that though LANA-1 (latency associated nuclear antigen) is utilizing COX-2/PGE2 as critical factors for its transcriptional regulation, it is the v-FLIP/K13 gene in the KSHV latency cluster that maintains continuous COX-2/PGE2 levels in the infected cells. We demonstrate that COX-2 inhibition, via its chemical inhibitors (NS-398 or celecoxib), reduced v-FLIP/K13-mediated NF-kB induction, and extracellular matrix (ECM) interaction-mediated signaling, mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD) levels, and subsequently downregulated detachment-induced apoptosis (anoikis) resistance. vFLIP expression mediated the secretion of cytokines, and spindle cell differentiation activated the phosphorylation of p38, RSK, FAK, Src, Akt and Rac1-GTPase. The COX-2 inhibition in v-FLIP/K13-HMVECs reduced inflammation and invasion/metastasisrelated genes, along with reduced anchorage-independent colony formation via modulating 'extrinsic' as well as 'intrinsic' cell death pathways. COX-2 blockade in v-FLIP/K13-HMVEC cells drastically augmented cell death induced by removal of essential growth/survival factors secreted in the microenvironment. Transformed cells obtained from anchorage-independent colonies of COX-2 inhibitor-treated v-FLIP/K13-HMVEC cells expressed lower levels of endothelial --mesenchymal transition genes such as slug, snail and twist, and higher expression of the tumor-suppressor gene, E-cadherin. Taken together, our study provides strong evidences that FDA-approved COX-2 inhibitors have great potential in blocking tumorigenic events linked to KSHV's oncogenic protein v-FLIP/K13.
INTRODUCTION
Human herpesvirus-8/Kaposi's sarcoma herpesvirus (KSHV) is associated with a neoplastic angioproliferative endothelial malignancy called Kaposi sarcoma (KS) and two other AIDS-related lymphoid cell malignancies called primary effusion lymphoma and multicentric Castleman's disease. 1, 2 Endothelial tumors associated with KSHV infection are unique as these not only resemble chronic inflammation but also present cells unlike classical tumor cells with a spindle phenotype. Tumor cells in KS lesions are 'cytokine-driven' and are essentially dependent upon paracrine growth signals in the form of cytokines such as IL-6, IL-1b, tumor necrosis factor-a (TNF-a), interferon-g, basic fibroblast growth factor and vascular endothelial growth factor (VEGF) secreted from the infected cells. In late stage nodular KS lesions, 490% of the spindle cells contain latent KSHV 3, 4 and express viral FLICE (FADD-like interferon converting enzyme)-like inhibitory protein (v-FLIP) as one of a limited number of latent proteins. 1, 2 The viral life cycle displays distinct latent and lytic replication events, where infected cell survival and proliferation is exclusively dependent on KSHV latency. Previous studies from our lab have shown that KSHV utilizes COX-2/PGE2 to maintain its latency and pathogenesis, and COX-2/PGE2 are regulated at the transcriptional level in de novo KSHV-infected cells. 5 --9 We hypothesized that the sustained action of COX-2/PGE2 might be a function of one of the viral latent proteins, and targeting indicated that KSHV protein could be an effective therapeutic strategy against KSHVassociated malignancies.
v-FLIP has been shown to perform multiple functions, including upregulation of inflammatory cytokines IL-8 and IL-6, induction of master signal cascade regulator molecule NF-kB, spindling phenotype in infected ECs and regulation of inflammation, and cell proliferation and immune responses. 10, 11 v-FLIP has been shown to induce COX2 in previous studies 12, 13 but it has never been studied in detail for the downstream functions of COX-2/ PGE2 and the potential/efficacy of COX-2 inhibitors in controlling v-FLIP-induced oncogenesis. KS progression has been linked to a number of critical events such as overcoming the requirement for the extracellular matrix (ECM; a complex meshwork of macromolecules, such as fibronectin, vitronectin, laminin and collagen) for growth, evading anoikis, altering the biological repertoire of the ECs and metastasizing to different distant organs. Anoikis, meaning loss of 'home' or 'homelessness,' originally defined as a unique phenomenon reflecting apoptotic cell death consequential to inadequate/insufficient/inappropriate ECM interactions 14 or suspension-induced apoptosis, is an essential mechanism for maintaining the correct position of cells within tissues and is recognized as a potentially significant factor in tumor angiogenesis and metastasis.
14 v-FLIP has been shown to inhibit anoikis of primary endothelial cells 15 and COX-2/PGE2 have been reported to have important roles in regulating anoikis in many cancers. 16 Therefore, we planned to explore the mechanisms by which v-FLIP-induced COX-2/PGE2 participate in breaching anoikis, deregulating infected cell --ECM interactions and impairing apoptosis of infected cells, thereby contributing to oncogenesis. To understand the role of COX-2/PGE2, we utilized two inhibitors of COX-2, NS-398 and celecoxib. NS-398 (N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfonamide) is a COX-2-specific inhibitor that has been shown to have chemotherapeutic potential against colon and pancreatic cancer cells. Celecoxib has demonstrated its chemotherapeutic properties in a variety of cancers including colon, breast, skin, prostate and pancreatic cancer cells, but has never been tested in KSHV-associated malignancies.
Collectively, these studies show the interplay between vFLIP and COX-2. We demonstrate that vFLIP activates COX-2/PGE2 in a NF-kB-dependent manner and conversely COX-2/PGE2 is required for vFLIP-induced NF-kB activation, ECM interaction, FAK/Src/AKT, Rac1 activation, mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD) level and anokises resistance. Taken together, our results present the less explored clinical perspective of COX-2 inhibitors (celecoxib and NS-398) in controlling inflammation-related cytokines, anoikis resistance, ECM interaction-induced signaling events, cell adhesion, anchorageresistant colony formation, modulation of MnSOD and endothelial --mesenchymal transitions (EndMTs) induced by v-FLIP. Impaired apoptosis is a hallmark of malignancies that underpins both oncogenesis and resistance to chemotherapies, and the ultimate aim of cancer treatment is to inhibit the growth of precancerous and cancerous cells without affecting the normal cells. Along with the very encouraging data from our ongoing in vivo studies with a panel of COX-2 inhibitors, the current study holds significant impact on the design of therapies against KSHV-associated neoplasia and sheds light on the underlining events of KS pathogenesis.
RESULTS

Relationship between v-FLIP, NF-kB, MAPKs and COX-2
KSHV latency gene v-FLIP induces COX-2, mPGES-1 gene expression, COX-2 protein levels and PGE2 secretion. As our extensive study showed a tight connection between inflammation-associated stress response gene COX-2 and its inflammatory metabolite PGE2 during KSHV latent infection, we wanted to investigate which viral latent protein (s) preferentially induces this inflammatory pathway. KSHV latency genes (LANA-1, v-FLIP, v-cyclin, K8 and K12) were transduced (B90% efficiency; Supplementary Figure  S1Aa v-FLIP/K13 modulates COX-2 transcription via NF-kB and CRE cisacting elements in the human COX-2 promoter. In order to understand whether v-FLIP/K13 induced COX-2/PGE2 at the transcriptional level, we performed COX-2 promoter analysis in the presence of v-FLIP/K13 expression plasmid. At 2 mg of v-FLIP, maximum (sixfold) induction in COX-2 gene expression was observed (Figure 1e ) with no effect on the COX-1 promoter (P2-1009) reaffirming the specificity for COX-2 induction (data not shown). Along with our previous study showing the important role of NFAT and CREB in KSHV-induced COX-2, many other transcription factors such as NF-kB, nuclear factor-IL-6, CRE and AP-1 have also been shown to regulate COX-2 transcription in other systems. 17 We sought to assess the transcription factors involved in v-FLIP-induced COX-2 using various deletion constructs of COX-2 (Supplementary Figure S1C) . v-FLIP transduction induced the activity of the COX-2 promoter luciferase construct (Figure 1f) . Loss of one NF-kB site (P2-431) resulted in 77% inhibition in COX-2 promoter activity, whereas loss of both NF-kB (P2-274) sites increased the inhibition to 88%, confirming the exclusive role of NF-kB (Figure 1f ). An 88% reduction was also observed in the construct without NF-kB, AP2/SP1, NF-IL6 and dNFAT (P2-192) ( Figure 1f ). Removal of pNFAT and AP-1 enhanced the COX-2 promoter activity, suggesting a role of CRE in modulating the v-FLIP-mediated COX-2 transcription (Figure 1f) . To verify the role of NF-kB in transcriptional regulation of v-FLIP-induced COX-2, we measured COX-2 promoter activity in the presence of 1 mg each of p65, IKK2DN, IkBM (dominant negative mutant IkB blocking NF-kB activation) and VIVIT expression plasmids (Figure 1g ). Cotransfection with either IkBM or IKK2DN effectively inhibited COX-2 promoter activation (Figure 1g ). The role of NF-kB was also confirmed by assessing the effect of NF-kB inhibitor Bay 11-7082 on v-FLIP-HMVEC cells. We observed a 57% and 68% reduction in COX-2 gene expression at 24 h and 48 h, respectively ( Figure 1h ). As complete inhibition of v-FLIP-mediated COX-2 promoter activity and gene expression was not obtained by NF-kB inhibition, we reasoned that other transcription factors also regulate v-FLIP-induced COX-2. COX-2 luciferase reporter activity was reduced by 40% in the presence of a plasmid expressing the peptide VIVIT, suggesting some role of NFAT activation in v-FLIPmediated COX-2 activity ( Figure 1g ). As KSHV infection-induced COX-2 transcription is regulated via NFAT and CREB, we checked whether these factors are involved in v-FLIP-mediated COX-2 activity or even if v-FLIP transduction induced the activity of NFAT and CREB. We observed more than twofold induction in NFAT and CREB as indicated in Figures 1i and j, respectively. v-FLIP/K13-induced multiple MAPKs regulate COX-2 gene expression, protein levels and PGE2 secretion. COX-2 promoter analysis indicated a role for CRE (Figure 1f) , and v-FLIP-transduced cells showed higher activation of CREB at 24 h and 48 h of transduction ( Figure 1j ). CREB is a member of a large family of structurally related transcription factors (AFT 1 to -4, c-Fos, c-Jun, c-Myc and C/EBP), which specifically recognizes the CRE promoter site (5 0 -TGACGTCA-3 0 ). CREB activity is exclusively controlled by a variety of MAPKs that phosphorylate CREB at Ser-133, which increases CREB's affinity for its promoter site. As many MAPKs have been shown to regulate CREB activity, we followed to assess MAPK activity upon v-FLIP/K13 transduction. MAPK activation was analyzed using phospho-MAPK arrays (Figure 2a , Supplementary  Figures S2A and S2B ) as per the methods described previously. , GFP or empty vector (pSIN) expressing lentiviruses. Forty-eight hours after infection, cells were washed, lysed, total RNA was prepared, and COX-2 and mPGES-1 expression were quantitated using COX-2 and mPGES-1 gene-specific primers normalized to GAPDH levels as described earlier. 5 Fold induction was calculated by considering levels in pSIN lentivirus-infected cells as onefold. (c) Supernatants collected from cells in (a) were used for PGE2 detection by methods described previously. 5 Each reaction was done in triplicate and each point represents the average ± s.d. of three independent experiments. (d) Lysates prepared from the above mentioned cells were used for quantitating COX-2 protein levels. (e) A total of 293 cells seeded in 24-well tissue culture plate were fed with antibiotic-free low serum (0.5% FBS) Dulbecco's modified Eagle's medium for 18 h before transfection using Lipofectamine 2000 (Invitrogen). Low serum conditions were maintained throughout the experiment. In all, 293 cells were transfected with COX-2 full-length promoter construct (P2-1900-luc), along with increasing concentrations (0.5 --3 mg) of either control pcDNA or v-FLIP/K13 expression plasmid. Forty-eight hours after transfection, cells were harvested, lysed and assayed for R.L.U. as described before. Promoter induction in control pcDNA cotransfected cells was considered as onefold. (f ) A total of 293 cells were cotransfected with various COX-2 deletion constructs (as mentioned in the supplement) along with 2 mg each of control pcDNA or v-FLIP/K13 expression plasmid. Forty-eight hours after transfection, cells were harvested and assayed for R.L.U. as described earlier. quantitate COX-2 gene expression ( Figure 2d ) and protein levels ( Figure 2e ). Activation of AKT and GSK3 phosphorylation was also assayed by Fast-activated cell-based ELISA (FACE In-cell Western) (data not shown). Supernatants collected from these cells were assayed for PGE2 (Figure 2f ). MEK-inhibitor, U0126, and GSK3--inhibitor, SB216763, did not noticeably inhibit COX-2 gene expression, protein levels or PGE2 secretion as indicated ( Figures  2d and f) . Pretreatment with P38 inhibitor (SB203580), RSK inhibitor (SL 0101-1) or AKT-inhibitor (API-2) reduced the expression of the COX-2 gene and also the secretion of PGE2, as indicated (Figures 2d and f) . Pretreatment with either RSK1 inhibitor or RSK inhibitor, blocking all isoforms of RSK, effectively reduced the COX-2 protein levels ( Figure 2e) . Collectively, the results from Figures 1 and 2 suggested that v-FLIP-mediated COX-2 transcription depends on NF-kB, CREB and MAPKs.
Consequence of inhibiting COX-2 in v-FLIP-dependent inflammation-related events COX-2 inhibition modulates v-FLIP/K13 transduction-induced multiple chemokine ligands, chemokine-related genes and matrixmetalloproteinasess. Pretreatment of endothelial cells with chemical nonsteroidal anti-inflammatory drugs (NSAID), such as Indomethacin or COX-2-selective inhibitor NS-398 before KSHV infection, have been shown to abrogate PGE2 secretion in our previous study. 5 Conventional NSAIDs have been shown to cause serious and significant complications. 18 To evaluate the role of COX-2, we chose two COX-2-specific inhibitors, NS-398 and celecoxib. Though the selective COX-2 inhibitors only cause occasional deleterious effects, they have also been shown to exhibit some COX-2-independent effects. 18, 19 Celecoxib, a selective COX-2 inhibitor (IC 50 ¼ 0.04 mM), 20 was approved by the FDA in 1999. 21 Celecoxib has a proven efficacy in modulating the promotion/progression stage of colon carcinogenesis, 22 but its merits have never been explored in KSHV-associated malignancies and lymphomas expressing high levels of COX-2/PGE2. 5 --7,9 Therefore, we first standardized the suitable non-cytotoxic dose of celecoxib in HMVEC-d cells using LDH release and a cell death ELISA ( Supplementary Figures S3Aa and b) . Similar to results obtained with the cell death ELISA, higher concentrations of celecoxib induced the cleavage of PARP in HMVECs (Supplementary Figure S3Ac ). On the basis of data presented in Supplementary Figure S3A , we chose a 5 mM concentration of celecoxib throughout this study. We used a noncytoxic dose of NS-398 for the indicated times in this study, as we had thoroughly tested and described the use and effect of NS-398 on HMVECs in our previous studies. 5, 6 We also found that v-FLIP-HMVEC cells were more sensitive to celecoxib and NS-398 treatment in comparison with p-SIN-HMVECs (Supplementary Figure S3B) .
To understand the role of COX-2 in various v-FLIP/K13-induced inflammation-related genes, we prepared cDNA from serumstarved ( Figures 3Da --c) , when compared with MMP-2 and MMP-9 expression. A similar effect was observed in the secretion pattern of total and active MMPs (Figures 3Dd --f) . To assess the functionality of active MMP secretion upon v-FLIP/K13 transduction, we performed invasion assays as described in the methods section. Figure 3Ea represents the invasive potential of the supernatants as analyzed by a Chemicon cell invasion assay and Figure 3Eb represents the data obtained using the Innocyte cell invasion assay depicting the intrinsic invasion of v-FLIP/K13-HMVECs. Without chemoattractant gradients, the intrinsic invasiveness of v-FLIP/K13-HMVECs through an ECM barrier was higher when compared with p-SIN-HMVECs (Figure 3Ea ), suggesting v-FLIP is involved in invasion. This intrinsic invasion was reduced by 75% upon treatment with either NS-398 or celecoxib. To demonstrate whether COX-2 induction is important in promoting v-FLIP/K13-mediated cell invasion in a paracrine manner, we assessed the invasiveness of normal HMVEC-d cells in the presence of supernatants from untreated, NS-398, or celecoxibtreated v-FLIP/K13-HMVEC cells (Figure 3Ea ), and observed a significant reduction in paracrine invasion as indicated ( Figure  3Ea ). Collectively, the results shown in Figure 3 indicate that v-FLIP/K13-induced COX-2 has critical roles in the regulation of MMP-10 and its associated invasion via autocrine and paracrine mechanisms.
Consequences of inhibiting COX-2 in v-FLIP-dependent tumorigenic events COX-2 inhibition induces 'anoikis' as a novel mechanism of its antitumor effect. ECs die by apoptosis when detached from the ECM 23 through a phenomenon called 'anoikis'. Anoikis functions as a surveillance mechanism to preserve normal tissue architecture by eliminating the cells attempting to deviate from their normal spatial constraints. 24 As cells become transformed, they gain the ability to grow in the absence of contacts with a solid ECM and attain the additional capacity for invasion and metastasis, while acquiring resistance to anoikis. Inhibition of anoikis is a critical step in tumor progression and metastatic spread because it enables malignant cells to detach from the primary tumor and invade the secondary tissues. Therefore, new therapies directed to sensitize tumor cells to 'anoikis' are especially relevant as they could have both antitumor and antimetastatic properties. Since celecoxib and NS-398 have been shown to induce anoikis in many cancer cell types 16, 25 and v-FLIP has been previously shown to resist anchorage-independent cell death, 15 we hypothesized that KSHV v-FLIP utilizes host molecules such as COX-2/PGE2 to evade anoikis. We addressed this question in three parts: (1) understanding the effect of detachment-induced changes in the formation of focal adhesions (FAs) and the effect on ECM interaction-induced cell signaling cascades at very early points of detachment (2 h); (2) consequences of COX-2 inhibition on the cell survival of v-FLIP-transduced and normal ECs in suspension (12 h); and (3) the effect of COX-2 inhibition on colony formation (6 days).
COX-2 inhibition has a role in NF-kB activity and affects changes in the detachment-induced cytoskeletal rearrangement events in v-FLIP/K13-HMVEC-d cells at early time points. In an inactive state, NF-kB is located in the cytoplasm as a heterotrimer consisting of p50, p65 and the inhibitory subunit of NF-kB (IaB) a subunits. In response to an activation signal, the IkBa subunit is phosphorylated, ubiquitinated and degraded through the proteasomal pathway, thus exposing the nuclear localization signals on the p50 --p65 heterodimer. The p65 subunit is then phosphorylated, leading to nuclear translocation and binding to a specific DNA sequence, which in turn results in gene transcription. An IkBa kinase, IKK, has been identified in phosphorylating serine residues in IkBa at positions 32 and 36.
26 Untreated v-FLIP/K13-HMVEC cells displayed intense p65 nuclear staining ( Figure 4Aa (1 and 2)), whereas NS-398 or celecoxib treatment effectively reduced the nuclear translocation of p65 (Figure 4Aa (3 --6)).
To determine the effect of celecoxib/NS-398 treatment on NF-kB activation, we carried out electrophoretic mobility shift assay (EMSA). Briefly, nuclear extracts prepared from untreated or COX-2 inhibitor-pretreated v-FLIP/K13-HMVECs were incubated with 32 P end-labeled double-stranded NF-kB oligonucleotide ( Figure 4Ab ; lanes 1 --6). Nuclear extracts prepared from untreated v-FLIP/K13-HMVECs (Figure 4Ab ; lanes 1 and 4) showed complex formation, whereas nuclear extracts prepared from celecoxib/NS-398-treated ( Figure 4Ab , lane 2) cells showed reduced complex formation ( Figure 4Ab ; lanes 2 and 5). A competition assay with an excess of unlabeled cold probe (NF-kB) completely abolished complex formation with labeled probe, confirming the specificity of the assay and validating that the complex is specific to NF-kB ( Figure 4Ab ; lanes 3 and 6). These findings suggest that celecoxib and NS-398 suppress NF-kB activation, which might explain their antitumor, chemopreventive, antiangiogenesis, antiproliferative and apoptosis-inducing activities. This data was also confirmed by NF-kB ELISA (Supplementary Figure S4A) . Celecoxib-and NS-398-treated v-FLIP/K13-HMVEC cells showed 77% and 87% inhibition of p65 activation, respectively, when compared with untreated cells. Solvent treatment did not lower p65 activation (Supplementary Figure S4A ) reaffirming the role of COX-2 inhibition in NF-kB activity downregulation.
Though the mechanisms of anoikis are not completely understood yet, recent reports suggest that deprivation of integrinmediated survival signals is one of the major causes of anoikis. Cellular adhesion to the matrix is mainly mediated by integrins, which provide survival signals through the activation of the PI-3K/ AKT, Ras/Raf/ERK or JNK pathways. Among these, AKT seems to be a central molecule in cellular survival signaling because FAK and ILK, both of which are integrin-associated non-receptor kinases, converge at the activation of AKT. AKT executes its survival function, in part, by inhibition of caspase-9 and Bad. Focal contacts/FAs are dynamic structures of close interaction between cells and the matrix on their substrate. 27 These contacts are dynamic structures that show motility even in stationary cells and are the conduits of signals from the matrix to the cytoplasm of the cell and vice versa. 28 The extracellular domains of integrins bind matrix elements such as fibronectin, vitronectin and laminin in the connective tissue, thereby providing a structural link between the ECM and the actin-based cytoskeleton system of a cell. 29 Molecular composition of FAs includes proteins such as vinculin, paxillin and tensin, but these are also described as hubs for survival signals and have been shown to be critical for cell survival. FAs are responsible for the activation of AKT, ERK and NF-kB. COX-2 inhibition could downregulate the phosphorylation of FAK, Src, AKT and p65, although there was no effect on ERK phosphorylation ( Figure 4Ac ). We also checked for another molecule called laminin-g1, whose gene expression was found to be upregulated (eightfold) upon v-FLIP transduction in ECs (data not shown; Figure 4Ac ). Laminins, a family of ECM glycoproteins, are the major noncollagenous constituent of basement membranes. They have been implicated in a wide variety of biological processes including cell adhesion, differentiation, migration, signaling and metastasis. We reasoned that increased laminin-g1 might be supporting faster attachment, spreading and enhancing cell to cell connection/cell survival in v (16)) when compared with untreated cells (Figure 4Bb (6 and 12) ). We also observed laminin-g1 staining in the stress fiber-like projections emanating from the v-FLIP/K13-HMVECs ( Figure 4C (1 --7) ). Untreated cells had a higher number of these protrusions and had a higher number of cell/cell connections as signatures of good cell spreading and cell/cell communication ( Figure 4C (1, 2, 3 and 7) ). COX-2 inhibitor-pretreated cells had smooth cell surface edges and lesser cell-to-cell connections ( Figure 4C (4 --6 ).
COX-2 inhibition downregulates Rac-1 activation in v-FLIP-HMVECs. Rearrangement of the actin cytoskeleton is primarily controlled by members of the Rho-GTPase family such as RhoA, Rac-1 and Cdc42. 30 Our earlier studies have demonstrated the activation of these GTPases by KSHV infection, interaction of the KSHV envelope glycoprotein gB with adherent ECs or fibroblast cell integrins and in the presence of PGE2 released from infected ECs. 6, 31 Rac1-GTPases have not only been shown to be critical regulators of vesicle trafficking, gene transcription, cell adhesion and cell spreading but have also been shown to be responsible for cell transformation, anchorage-independent cell growth and anoikis resistance 32 via NF-kB activation. We hypothesized that COX-2-induced PGE2 might be involved in providing anoikis resistance to v-FLIP/K13-HMVECs via the upregulation of Rac1-GTPase activation. We assessed the role of COX-2 inhibition on the activation kinetics of Rac1-GTPase by Rac1-GLISA ( Figure 4D ). We observed a 4.4-fold induction of Rac1-GTPase in v-FLIP/K13-HMVECs when compared with p-SIN-HMVECs ( Figure 4D ). Pretreatment with NS-398 or celecoxib effectively reduced the levels of Rac1-GTPases in v-FLIP-HMVEC-d cells, by 52% and 59%, respectively ( Figure 4D ). We observed a 3. Since our previous results showed effective downregulation of cytokine gene expression (Figure 3 ) in the cells pretreated with COX-2 inhibitors, we reasoned that COX-2 inhibition might change the level of cytokine secretion also. We collected supernatants from serum-starved (8 h) p-SIN, v-FLIP/K13-HMVECs and v-FLIP/ K13-HMVECs pretreated with either NS-398 or celecoxib for 8 h. These supernatants were used to induce serum-starved (8 h) HMVECs for 4 h to test the activation of FAK, Src, ERK, P-38 and RSK, and 8 h for AKT (higher activity of AKT was observed at 8h; Figure 5b ). We observed effective downregulation in the activation of all signal molecules tested in the lysates prepared from the cells incubated with supernatants obtained from COX-2 inhibitor-treated cells when compared with the supernatants collected from untreated cells (Figure 5c ).
Similarly, we measured the activity of Rac1-GTPase in the lysates used in Figures 5b and 5c Figure S4C) . Pretreatment with NS-398 or celecoxib effectively reduced the levels of MnSOD in v-FLIP-HMVEC-s, by 84% and 55%, respectively (Supplementary Figure S4C) .
COX-2 inhibition abrogates v-FLIP-mediated protection of HMVECs from anoikis. It is well documented that COX-2 expression correlates with tumor development and progression in most human tumors. COX-2 has been known to act as a survival factor under a variety of cellular stress conditions. We examined the effect of COX-2 inhibition (NS-398 or celecoxib pretreatment) on anoikis resistance-mediated cell survival in v-FLIP-HMVECs ( Figure 6 ). Anoikis propelled cell death and changes in cell viability were monitored microscopically for the presence of red EthD-1 fluorescence (Figure 6Af and g ) and green Calcein AM, respectively (Figure 6Ab, c, d and e) .
The anoikis assay was performed as described in the Materials and methods section and in Figure 6Aa . In adherent cultures of untreated/celecoxib or NS-398 solvent-treated and celecoxib/ NS-398-treated v-FLIP or p-SIN-HMVEC cells, the basal level for apoptosis was negligible, and cell viability (as shown by Calcein AM staining) was 100% (Figure 6Ab (1 --10) ). Anoikis was induced after 12 h of detachment on an anchorage-resistant plate, and p-SIN-HMVECs entered apoptosis and had reduced viability as indicated by lower staining of suspended cells by Calcein AM (Figure 6Ac (6) ). However, cells expressing v-FLIP were highly resistant to anoikis, with an increased number of viable cells after detachment (Figure 6Ac (1) ). Cell viability was also measured using the Calcein AM (485 nm/515 nm) fluorimetric detection method that showed results similar to our microscopy observations (Figure 6Ad ). Similarly, we tested the proliferation index in cells undergoing anoikis using an 3- (Figures 6Af and g ), further suggesting that anoikis resistance is provided by v-FLIP. Untreated v-FLIP/K13-HMVECs exhibited reduced cell death as compared with NS-398 or celecoxib-pretreated cells as indicated (Figures 6Af  and g ), whereas solvent-pretreated v-FLIP/K13-HMVECs did not show any increase in cell death; levels were similar to untreated cells confirming drug specificity (Figures 6Af and g ).
Our results presented in Figure 3 clearly demonstrated that COX-2 inhibition by either NS-398 or celecoxib could reduce gene expression as well as secretion of inflammation/invasion/growthrelated factors. We therefore speculated that the reduced secretion of growth and survival factors from COX-2 inhibitorpretreated v-FLIP/K13-HMVECs might affect the viability of neighboring untransduced cells undergoing anoikis-associated cell death via paracrine pathways. We assessed the viability of p-SIN-HMVECs in the presence of supernatants obtained from Along with the data shown in Figure 4Aa , it is possible that COX-2/PGE2 help in the maintenance of NF-kB signaling in HMVEC cells that is responsible for sustained COX-2 levels, and eventually this loop of events helps maintain intrinsic survival signals, and continuous secretion of inflammation, invasion, angiogenesis and growth-related factors. ECM induced the NF-kB, FAK/Src, PI3K-AKT pathways, along with secreted growth factors such as VEGF-C, chemokines such as IL-8, MCP-1 and IL-6, and invasive factors such as MMP-10 thereby enhancing v-FLIPmediated anoikis resistance.
COX-2 inhibition results in the decreased transformation potential of v-FLIP as measured by a colony formation assay. v-FLIP/K13-HMVECs are known to undergo neoplastic transformations that yield a cell population capable of proliferating independently of both external and internal signals. As v-FLIP/K13-HMVECs showed reduced requirements for extracellular growth-promoting factors, were not restricted by cell-cell contact and showed anchorageindependent growth phenomenon, we wanted to understand the effect of COX-2 inhibition on v-FLIP/K13-mediated transformation ( Figure 7) . Traditionally, the soft agar colony formation assay is a common method to monitor anchorage-independent growth, which measures proliferation in a semisolid culture media after 3 --4 weeks by manual counting of colonies, however, we assessed the effect of COX-2 inhibitor treatment on the transformation efficiency of v-FLIP/K13 ECs by a modified cell transformation assay from Cell Biolabs as described in Materials and methods and in Figure 7Aa . v-FLIP/K13-HMVECs pretreated with solvent control or cells pretreated with COX-2 inhibitors or supplemented with either solvent control or COX-2 inhibitors were utilized for transformation assays. This assay is quick as it does not require a 3 --4 week incubation period and is highly reliable as it does not involve manual counting of colonies, which could be highly subjective. Instead, cells are incubated only 6 days in a proprietary semisolid agar media before being solubilized, transferred and detected by MTT (Figure 7Ac ), which is highly sensitive and quantitative. Changes in the number of colonies formed were captured by microscopy ( Figure 7Ab ). The crystal violet (blue) stain in the colonies reflects 'live' colonies ( Figure 7Ab ). To be more precise with quantitation of colonies, we solubilized one set of colonies and stained these for their metabolic activity using MTT (Figure 7Ac ). Untreated v-FLIP-HMVECs formed a reasonably large number of colonies, whereas p-SIN-treated HMVECs did not (data not shown). COX-2 inhibitor pretreatment followed by replacing the growth medium of v-FLIP-HMVECs with COX-2 inhibitor drastically reduced the formation of colonies when compared with untreated cells (Figure 6Ab (1, 3 and 5) ). Pretreatment with COX-2 inhibitors such as celecoxib and NS-398 reduced the colony formation by 57% and 72%, respectively, as determined by MTT assay (Figure 7Ac ). Pretreatment with solvent for reconstituting celecoxib or NS-398 had no effect on colony formation, thus validating the specificity of COX-2 inhibitor treatment. The colony numbers were similar to the ones formed by untreated cells (Figure 7Ab (1, 2 and 4) ).
As colony formation may also be affecting the phenotype of ECs and executing some EndMT, we assessed a few genes exclusive for this phenomenon in v-FLIP-HMVECs. EndMT is a phenomenon where little experimental advancement has been made, and the putative mediators of EndMT include factors such as Wnt, TGF-b, Jagged/Notch, PAR-1, FGF-2, HGF, RTK, integrins and MMPs. During EndMT, various phenotypic markers are lost (VE-cadherin, Tie-1/2, VEGFR-1/2, PECAM/CD31, and FVIII) and new markers are gained (a-Smooth muscle actin, type I and III collagens, vimentin and calponin). Dermal microvascular ECs, for example, are described as very susceptible to transitioning into mesenchymal cells. 33 Keeping this in mind, we recovered the viable cells from the colonies of untreated or COX-2 inhibitor-treated v-FLIPHMVECs and prepared cDNA. We tested for some of the EndMTrelated genes such as slug, snail, twist, laminin-g and E-cadherin as indicated ( Figure 7B ). Among these, 'slug' is a transcriptional repressor (a novel Notch target) and has been shown to be essential for Notch-mediated repression of E-cadherin, resulting in ß-catenin activation and resistance to anoikis. 34 Slug's roles in endocardial cushion formation and early events of EC transformation have been established. 35 Snail's expression has been linked to tumors with deeper invasive activity and high metastatic potential. Snail has also been shown to enhance the migration and proliferation activity of cancer cells. The 'twist' protein is a highly conserved transcription factor that has key roles in embryonic development and is frequently reactivated in a wide array of human cancers (sarcomas, gliomas, neuroblastomas and melanomas), where it invariably correlates with more aggressive, invasive and metastatic lesions. 'Twist', a potent inhibitor of the cell-safety program, displays abnormal mitogenic, antiapoptotic and metastatic properties, and its expression in tumor cells induces a widespread chemoresistance to therapeutic drugs (paclitaxel, daunorubicin, etoposide, doxorubicin and cisplatin) in various cancer types. Functional studies have indicated that 'Twist' may have a major role in tumor promotion and progression, by inhibiting differentiation, interfering with the p53 tumorsuppressor pathway and favoring cell survival, and/or inducing EndMT. Cadherins are comprised of a family of Ca þ 2 -dependent adhesion molecules that function to mediate cell --cell binding critical for the maintenance of tissue structure and morphogenesis. The classical cadherins, E-, N-and p-cadherin, consist of large extracellular domains that are thought to be responsible for binding specificity, transmembrane domains and carboxy terminal intracellular domains. COX-2 inhibitor pretreatment and supplementation after 2 days during colony formation reduced the expression of slug, snail, twist and laminin-g but enhanced the expression of E-cadherin ( Figure 7A ), highlighting that v-FLIP induced the colony formation and that EndMT in ECs can be efficiently downregulated by COX-2 inhibitors.
Mechanism of inhibiting COX-2 in v-FLIP-dependent growth COX-2 inhibition reduced v-FLIP's transformation potential via 'extrinsic' and 'intrinsic' death receptor pathways. There are two major pathways of caspase activation, the extrinsic pathway, triggered by 'death receptor'-ligand binding (FASL to FAS), and the intrinsic pathway, triggered by cellular stress, such as occurs after cytokine deprivation, DNA damage and anoikis. A critical feature of the intrinsic pathway includes the interplay of Bcl-2 family member proteins. Overexpression of some antiapoptotic family members, such as Bcl-2, BCL-xL, and stability of the Bcl-2-related antiapoptotic myeloid cell leukemia sequence 1 (MCL1) protein can prevent apoptosis induced by the withdrawal of GFs. Bcl-2-associated X protein on the other hand is a proapoptotic Bcl-2 family member. BAX translocates to the mitochondria during apoptosis, causing release of cytochrome c into the cytosol. A third proapoptotic subgroup of the Bcl-2 family includes BIM and BAD, which contain a 'BH3' protein domain that promotes apoptosis when overexpressed. In this study, we sought to determine the mode of cell death induced by anoikis in v-FLIP/ K13-HMVECs. We anticipate that an improved understanding of this process could provide insight into the mechanisms of sensitivity and/or resistance to caspase inhibitors, shed light on the chemotherapeutic potential of celecoxib and NS-398, and uncover new targets for therapy.
The cellular inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2) proteins have been implicated in the activation of NF-kB and have been shown to stop apoptotic cell death by overproduction of caspases (3, 7, and 9) . We hypothesized that IAPs may be mediating this resistance so knockdown of cIAP-1, cIAP-2 and the x-linked inhibitor of apoptosis protein (x-IAP) would increase sensitivity to apoptosis. To determine which Bcl-2 family members are potentially involved in the maintenance of v-FLIP-HMVECs, we studied the effect of celecoxib or NS-398 treatment on the expression of Bcl-2, BCL-xL, MCL1, BAX and BIM in v-FLIP-HMVECs. Both drugs (celecoxib and NS-398) reduced cIAP2 and x-IAP expression effectively when compared with cIAP1 ( Figure 8A ).
Antioxidants, such as SOD, mitochondrial Mn-SOD, Cu/Zn-SOD and catalase are able to degrade hydrogen peroxide (H 2 O 2 ), an important ROS related to p53 activation and protect a variety of cells against oxidative stress-induced toxicity. 36 Celecoxib or NS-398 reduced the SOD2 levels as compared with the levels of SOD1 and catalase ( Figure 8A ). IEX-1 (p22/PRG1) is an early response NF-kB target gene implicated in the regulation of cellular viability, cell cycle progression and proliferation. Its overexpression can suppress or enhance apoptosis depending on the nature of the stress. Expression of BCL2A oncoprotein has been shown to inhibit programmed cell death (apoptosis). Celecoxib and NS-398 treatment effectively downregulated BCL2A and IEX-1 gene expression ( Figure 8A ). To determine which Bcl-2 family members are potentially involved in the maintenance of v-FLIP-HMVEC cells, we studied the effect of celecoxib or NS-398 treatment on the expression of Bcl-2, BCL-xL, MCL1, BAX and BIM in v-FLIP-HMVECs. We found that the expression levels of only the antiapoptotic protein MCL1 and the proapoptotic BH3-only protein BIM were significantly altered by either celecoxib or NS-398 treatment ( Figure 8B ). Next, we focused our attention on BIM, and did immunoblotting analysis of the untreated or celecoxib/NS-398-pretreated v-FLIPHMVECs ( Figure 8B) . Results revealed that the levels of two major spliced isoforms-BIM-long (L) and BIM-short (S) were induced after celecoxib/NS-398 treatment in v-FLIP-HMVECs but not in untreated or solvent-treated cells ( Figure 8B ). Both the drugs (celecoxib and NS-398) induced apoptosis in v-FLIP-HMVECs, as indicated by the presence of PARP cleavage products in cell lysates ( Figure 8B) .
Change in the localization of proapoptotic BAX is another hallmark of the intrinsic pathway of apoptosis. Immunostaining followed by confocal microscopy revealed that at baseline (treatment with solvent for NS-398 or celecoxib) (Figures 8Ca (2) and Cb (2)) BAX was found in the nuclei of v-FLIP-HMVECs but following celecoxib (Figure 8Cb (6)) revealed intense overlap between BAX and cytochrome c staining. These observations suggest that BAX translocates to the mitochondria during celecoxib-or NS-398-induced apoptosis in v-FLIP-HMVECs.
In order to find which caspase gets activated in the cells treated with COX-2 inhibitors, we observed the enhanced survival of cells incubated with or without COX-2 inhibitor in the presence of caspase-3 (executioner caspase), caspase 8 (initiator caspase) and caspase-9 (initiator caspase) inhibitors, suggesting the role of COX-2 inhibitors in inducing apoptosis (Supplementary Figure  S5A) . We also observed the activation of caspases 3, 8 and 9 in COX-2 inhibitor-treated suspended v-FLIP-HMVECs (Supplementary Figure S5B ), which validated data in Supplementary Figure  S5A . Members of the TNF receptor gene superfamily, such as the TNF-related apoptosis-inducing ligand (TRAIL) receptor, death receptor 4 (DR4; also called TRAIL-R1) and death receptor 5 (DR5; also named Apo2 or TRAIL-R2) share a similar, cysteine-rich extracellular domain and an additional cytoplasmic death domain. Both DR4 and DR5, located at the cell surface, become activated or trimerized on either binding to their ligand TRAIL or by overexpression and then signal apoptosis through caspase-8-mediated activation of caspase cascades. These DRs attract much more attention because their ligand TRAIL preferentially induces apoptosis in transformed or malignant cells, showing potential as a tumor-selective apoptosis-inducing cytokine for cancer treatment. The expression of DR4 and DR5 is inducible by certain stimuli, including some cancer therapeutic agents; NSAIDs have been shown to induce DR expression. 37 Induction of DR4 and/or DR5 accounts for induction of apoptosis and/or enhancement of TRAIL-induced apoptosis by certain cancer therapeutic agents. Celecoxib or NS-398 treatment of v-FLIP-HMVECs enhanced the surface expression of DR4 (Figure 8Db ) but not DR5 (Figure 8Db ).
v-FLIP-induced COX-2 regulates growth of v-FLIP-HMVECs displaying anoikis resistance. As v-FLIP-induced COX-2 has as an important role in providing anoikis resistance, as seen by MTT assays, we assessed the effect of NS-398 or celecoxib on their cell cycle profile in cells undergoing anoikis. According to DNA profiling, a significantly higher proportion of untreated v-FLIP-HMVECs were in S-phase compared with either celecoxib or NS-398-treated cells. We observed a clear antiproliferative shift in cell cycle parameters towards a reduced percentage of cells at the S and G2/M phases, together with an increased percentage of cells at the G1 phase ( Figure 9A ). There was not much change in the G2/M phase but in the NS-398-treated cells there was subsequent cell accumulation in the G0/G1 phase, suggesting that COX-2 inhibitors prevent v-FLIP-HMVECs displaying anoikis from crossing the G1/S boundary. Similar results were obtained with celecoxib treatment but solvent treatment did not affect the cell cycle profile of v-FLIPHMVECs displaying anoikis, further validating the specific effect of the drug used for treatment.
DISCUSSION
The biological effects of KSHV oncoprotein v-FLIP/K13, including antiapoptotis, NF-kB pathway activation, tumorigenesis, transformation and inflammation, have been well studied in KSHVassociated neoplasms. 38 --40 Similary, the potential of COX-2 pathway inhibitors in regulating the NF-kB pathway is also well established, but the connection between v-FLIP-induced oncogenesis and the COX-2 pathway has never been explored in detail. The central theme of our study was to evaluate the v-FLIP-COX-2-PGE2 connection, consequences and mechanism of COX-2 inhibition in v-FLIP-dependent growth, and potential of COX-2 inhibitors in v-FLIP-mediated pathogenesis. Since KS is an endothelial cell vascular neoplasm, we chose to work with endothelial (HMVEC-d) cells throughout this study. The novel findings ( Figure 9B ) of our study establish that (1) NFkB activation seems to be the pivotal link between v-FLIP and COX-2/PGE2 induction. Bay 11-7082, a known pharmacological inhibitor of NFkB activation, could inhibit v-FLIP-mediated COX-2 induction, whereas NFAT and CREB inhibition could not. Another interesting observation of our study is the activation of various MAPKs (p38g, p38g, AKT-Pan, AKT1, RSK1 and GSK3) upon v-FLIP introduction into endothelial cells. Inhibitors of AKT, p38 and RSK1 downregulated COX-2 gene expression, COX-2 protein levels and PGE2 secretion, suggesting that v-FLIP utilizes signaling pathways to maintain stress response angiogenic protein COX-2.
K13/v-FLIP has been previously reported to induce the expression of various proinflammatory cytokines and growth factors. We additionally found that factors having a pivotal role in inflammation, neo-vascularization, chemo-attraction, host defense, , BAX translocation to the cytoplasm and anchorage-independent colony formation were upregulated. v-FLIP/K13-HMVECs enhanced the transitions of EndMT by reducing E-cadherin and upregulating the expression of slug, snail, twist and laminin-g genes. In summary, KSHV oncogenic protein utilizes host cellular machinery and manipulates the cellular-inducible angiogenic stress response gene COX-2 and its lipid metabolite PGE2 to its advantage to enhance its transforming ability, metastatic potential and inflammatory phenotype, and to promote anoikis resistance and prolong cell survival. development and homeostasis of the immune system such as IL-8/CXCL8, IL-6, CXCLs 5 and 6, CCLs 2 and 20 can be effectively downregulated upon COX-2 inhibitor treatment. Higher levels of adhesion molecules such as ICAM-1 and VCAM-1 were expressed in v-FLIP/K13-HMVECs, which might synergize with chemokines and their ligands to enhance the recruitment of inflammatory and blood cells into KS lesions, thus the arrest of infected, transformed cells would help in survival and growth. We observed significantly decreased VCAM-1 gene expression in the cells pretreated with COX-2 inhibitors that might be due to the downregulation of NF-kB leading to reduced binding of NF-kB on the promoter region of VCAM-1. Celecoxib or NS-398 treatment could also abrogate p65 nuclear translocation and p65 DNA-binding activity in the v-FLIP/K13-HMVEC cells. As NF-kB pathway-dependent genes are involved in the transformation, cancer cell migration, tissue invasion and metastasis, and antiapoptosis and anchorageindependent growth, we assessed the role of COX-2 inhibitors in regulating these processes. Consistent with downregulation of inflammatory cytokines and adhesion molecule genes, celecoxib or NS-398 could abrogate the levels of total and active MMP-10 required for cell invasion. Though we show that celecoxib or NS-398 treatment could abrogate p65 nuclear translocation and p65 DNA-binding activity in v-FLIP/K13-HMVEC cells (Figure 4) , the mechanism by which COX-2 inhibitors block NF-kB has not been deciphered and will be a question for our future studies. At present, we can predict multiple scenarios controlling COX2 inhibitor-mediated NF-kB block, such as PGE2 secretion per se or the cytokines and spindle cell differentiation induced by v-FLIP transduction. (1) Cells treated with COX-2 inhibitors exhibit reduced COX-2 and secrete lower levels of PGE2. Although PGE2 has short half-life, it can mediate its downstream signaling events through binding to eicosanoid receptors, and this binding has been shown to initiate an avalanche of temporal effects on cellular signaling such as Src, PI3K, PKCz/g, NF-kB and Ca2 þ .
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PGE2 has been shown to be an important factor involved in establishing and sustaining inflammation, and much of its activity has been shown to be dependent on its ability to induce NF-kB in other systems as suggested in our previous study. 7 (2) Exogenous PGE2 has also been shown to enhance the activity of multiple transcription factors, 7 which might be involved in maintaining the NF-kB promoter activation/transcriptional regulation. (3) Role of secreted cytokines upon v-FLIP transduction in maintaining the levels of NF-kB cannot be ruled out. Reduced secretion of cytokines along with lowered spindle cell differentiation upon COX-2 inhibitor pretreatment could affect the activity status of NF-kB. These secreted factors might be potentially involved in the activation of NF-kB. This is the first report suggesting v-FLIP's key role in cytoskeletal rearrangement modulating kinases such as AKT, src, laminin-g-1 and Rac1-GTPases. How cytoskeletal alterations are engendered remains unknown, but it is clear that COX-2/PGE2/NF-kB activation is responsible for activating major survival kinases, thereby contributing to v-FLIP's known antiapoptotic effects. v-FLIPexpressing endothelial cells expressed a higher level of integrinlinked kinase, an ankyrin repeat containing serine --threonine protein kinase interacting with the cytoplasmic domains of b-integrins and numerous cytoskeleton-associated proteins, which probably functions in cell adhesion, cell shape changes and deposition of ECM as shown in a number of human malignancies. 41 KSHV infection or v-FLIP or LANA-1 expression in primary HMVEC-d cells has been shown 42 --44 to induce a spindle cell conversion phenotype. The infected ECs develop a spindle shape resembling that of KS lesion cells and show characteristics of a transformed phenotype including loss of contact inhibition and acquisition of anchorage-independent growth. 44 Nodular KS lesions contain latently infected spindle cells and demonstrate monoclonal, oligoclonal and polyclonal patterns of infection, implying that KSHV infection precedes tumor expansion. Inhibition of anoikis is a prerequisite for infection progression and metastasis. v-FLIP in these latently infected cells in nodular lesions has been proposed to inhibit anoikis which will allow the detachment and spreading of single cells, and contributes to the metastasis recognized as a hallmark of epidemic KS resulting in the development of larger monoclonal lesions. 45 Therefore, we focused our study on understanding the involvement of COX-2/ PGE2 in v-FLIP-induced anoikis resistance. v-FLIP rescued HMVEC-d cells from anoikis and it was predominantly dependent on the level of COX-2/PGE2. v-FLIP-mediated anoikis resistance was partly attributable to secreted survival factors, which were found to be reduced upon COX-2 inhibitor treatment. Though COX-2/PGE2 has previously been reported to activate prosurvival pathways including Raf-MEK-ERK1/2, PI3K/AKT, cAMP/protein kinase A and Wnt/b-catenin, it is still unclear how PGE2 signaling couples to the intrinsic cell death machinery. Clinically relevant downstream mediators of COX-2/PGE2-mediated apoptosis suppression and COX-2 inhibitor-induced apoptosis remain elusive. We expanded our study to understand the probable mechanism of v-FLIPinduced COX-2/PGE2-dependent anoikis resistance along with the potential of COX-2 inhibitors in inducing anoikis. As anoikis execution can be controlled by BH3-only proteins (Bid, Bad, Bim, Bik, Bmf and Noxa) and Bim translocation to mitochondria and its rapid interaction with Bcl-XL and neutralization of prosurvival function and promoting Bax activation, we evaluated these events in untreated and COX-2 inhibitor-treated endothelial cells. COX-2 inhibitor treatment not only inhibited the expression of cellular prosurvival proteins including cIAP-1, cIAP-2, x-IAP and BCL2A1 but also reduced the level of antioxidant SOD2 expression.
The life --death switch of the intrinsic pathway of apoptosis is governed in multiple ways such as: (1) damage-sensing BH3-only members of the Bcl-2 family, which reside upstream of proapoptotic proteins Bax and Bak 46 and promote apoptosis by antagonizing the antiapoptotic activity of prosurvival Bcl-2 family members; (2) release of cytochrome c from the mitochondria, (3) altered localization of the proapoptotic protein BAX, (4) direct activation of Bax or Bak 47 and the balance between proapoptotic (Bax and Bak) and antiapoptotic (Bcl-x L and Mcl-1) portions of the Bcl-2 proteins. 48 Direct activation of Bax has been shown by Bim, the most powerful BH3-only protein with tumor-suppressor activity. Bim has also been reported as a key mediator of apoptosis and a quick responder to several cancer therapeutics including targeted therapies in 'oncogene-addicted' cancer cell lines. 49 Celecoxib and NS-398 treatment induced the levels of Bim that might be due to the downregulation of COX-2 and the subsequently diminished pool of PGE2. PGE2 signaling has been shown to promote ERK1/2-dependent Bim phosphorylation and proteasomal degradation, thus leading to Bim repression and apoptosis suppression in human colorectal adenoma cells. Integrin expression and enhanced ECM interaction of v-FLIPtransduced cells might be promoting kinases such as MAPKs and PI3K/AKT, which can mediate phosphorylation of Bim, culminating in its proteasome-dependent degradation and thus prolonged cell survival. Upon COX-2 inhibition, downregulated MAPKs and PI3K/ AKT signaling might be converging to reduce Bim phosphorylation, leading to the abolishment of its degradation and finally to its accumulation, thus promoting faster cell death. Another possibility is the involvement of v-FLIP-induced ROS, which can induce direct oxidation of the tyrosine kinase Src, thereby leading to its activation. This activated kinase in turn might be eliciting activation of MAPKs and PI3K/AKT signaling pathways leading to Bim phosphorylation/degradation, thus contributing to prolonged cell survival.
Previous studies have found massive inflammation and dysregulated angiogenesis in KS lesions accompanied by a mesenchymal phenotype in KS tumor cells. 50 These studies suggested a role of EndMT during KS lesion development; therefore, we focused on the role of v-FLIP/K13-induced COX-2/ PGE2 in EndMT signatures (slug, snail, twist, laminin-g and E-cadherin). Additionally, COX-2 has been demonstrated to regulate snail and E-cadherin 51 expression in non-small-cell lung carcinoma and colon cancer cells. Twist has been shown to act independently of snail to repress E-cadherin and to upregulate fibronectin and N-cadherin. 52 COX-2 inhibition effectively reduced the expression of slug, snail, twist and laminin-g but enhanced the expression of E-cadherin in v-FLIP-transformed endothelial cell colonies. COX-2 inhibition might be acting at the level of controlling the levels of TGF-b1 secretion. TGF-b1 has been shown to induce EndMT and KSHV infection, and v-FLIP has been shown to upregulate TGF-b1 that could be effectively downregulated by COX-2 inhibition in the endothelial cells. 6 Studies to understand the role of v-FLIP-induced COX-2/PGE2 in DNA --protein interactions, activation of various transcription factors, nuclear signaling of various survival kinases, PGE2 receptors (eicosanoid receptors) and their expression, changes in plasticity biomarkers of EndMT useful for the recognition of EC-spindle cell phenotypic transitions using a panel of human lymphoma cell lines harboring KSHV and expressing v-FLIP are ongoing in our lab. Collectively, our studies indicate the promising clinical perspective of COX-2 inhibitors (celecoxib and NS-398) and show that COX-2/PGE2 promote v-FLIP-expressing endothelial cell survival, cell invasion, cellular transformation and resistance to cell death upon detachment from the ECM. Our results showing the induction of DR5 expression upon celecoxib treatment are very promising and are currently being studied further as this appears to be potentially significant chemotherapeutically.
MATERIALS AND METHODS
Cell culture
Human microvascular dermal ECs of passages 5 --7 (HMVEC-d, CC-2543; Lonza Walkersville, Walkersville, MD, USA) were grown in endothelial basal media-2 with growth factors (Lonza Walkersville). All stock preparations of purified KSHV were monitored for endotoxin contamination by standard Limulus assay (Limulus amebocyte lysate endochrome; Charles River Endosafe, Charleston, SC, USA). 5 All cells were cultured in lipopolysaccharidefree medium.
Reagents COX-2-specific inhibitors NS-398 (N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfonamide) and celecoxib (4-(5-(4-Methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)-benzene sulfonamide) were purchased from Calbiochem (La Jolla, CA, USA) and Tocris Biosciences (Ellisville, MO, USA), respectively. The COX-2 luciferase reporter plasmids containing the 5 0 flanking region of human COX-1 and COX-2 promoter deletion and mutation constructs linked to luciferase reporter plasmids were obtained from Dr M Fresno (Madrid, Spain) and have been described previously. 17 VIVIT, a plasmid containing the NFAT regulatory domain, was obtained from Addgene (Cambridge, MA, USA) and has been described previously. 8 
Real-time RT--PCR
Transcripts of the genes of interest were detected by real-time RT--PCR using gene-specific primers (Table 1) as per procedures described previously. 5 ELISA for PGE2 detection Levels of PGE2 in the supernatants of lentivirus-transduced ECs were measured by a commercially available enzyme immunoassay as described previously. 5, 6 Transient transfections For reporter gene assays, 293 cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as described before. 
Cytotoxicity assay
Supernatants were collected from the target cells incubated with DMEM containing different concentrations of various inhibitors for the indicated time points, and cellular toxicity was estimated using a cytotoxicity assay kit (Promega, Madison, WI, USA). 5 Luciferase reporter assays
The effect of v-FLIP/K13 on the COX-2 full-length promoter (P2-1900), its deletion constructs and constructs with mutant transcription factor binding sites 17 and the COX-1 promoter (P2-1009) was measured as described previously. 8 Lentivirus production, infection of HMVEC-d cells and testing lentiviral transduction Lentiviral infection was done as described by Vart et al. 53 Vesicular stomatitis virus-G envelope-pseudotyped lentiviruses expressing viral genes (v-FLIP/K13/ORF71, v-cyclin/ORF72, LANA-1/ORF73 and K12) were produced using a four-plasmid transfection system. 6 Lentiviruses expressing pSIN (empty vector) or GFP were used as control. Total RNA was extracted from lentiviral-transduced HMVECs and subjected to DNase I digestion (Invitrogen). This RNA was subsequently used for cDNA synthesis and real-time qRT--PCR was done for viral (ORF73, ORF50) and host genes (COX-1, COX-2 and m-PGES-1). The cells were split at 24 h after lentivirus infection and allowed to grow until 80 --90% confluent. These cells were serum starved, and supernatants were collected after 48 h, spun at 1000 r.p.m. for 10 min at 41C to remove particulates, and used for measuring PGE2 levels by ELISA. 5 Preparation of nuclear extracts p-SIN, GFP or v-FLIP/K13-HMVEC-d cells were harvested to prepare nuclear extracts as described, 8 purity of the nuclear extracts was assessed by immunoblotting using anti-lamin B antibodies, and cytoskeletal contamination was checked using an anti-b tubulin antibody.
RhoA-GTPase and Rac1-GTPase activity by G-LISA activation assay
The degree of RhoA-GTPase and Rac-1-GTPase activation in various lysates was determined by RhoA and Rac-1 G-LISA from Cytoskeleton, Inc. as described in our previous publication. 6 Signaling inhibitor treatment For luciferase assays, gene expression, PGE2 secretion and COX-2/COX-1/ Tubulin protein measurements, cells were pretreated with either solvent controls or signaling inhibitors. Briefly, target cells grown to confluence in 25-cm 2 flasks were serum starved for 10 h, exposed to either solvent controls or signaling inhibitors such as U0126, SB203580, SB216763, AKT inhibitor API-2 (Triciribine; selective inhibitor of Akt signaling), SL0101-1 (3-((3,4-Di-O-acetyl-6-deoxy-a-L-mannopyranosyl) oxy)-5, 7-dihydro-2-(4-hydroxyphenyl)-4H-1benzopyran-4-one; selective inhibitor of p90 ribosomal S6 kinase (RSK), or 5 mM Bay 11-7082 for 1 h at 371C before transfection with v-FLIP/K13 expression plasmid.
Transcription factor activation assay A total of 2 mg of each nuclear extract was used for measuring NFAT, CREB and phospho-CREB activity using ELISA-based TransAM-NFAT and TransAM-CREB kits (Active Motif Corp., Carlsbad, CA, USA) as described previously. 8 Electrophoretic mobility shift assay Consensus double-strand oligo-deoxynucleotide probes for NF-kB (5 0 -TAGTTGAGGGGACTTTCCCAGGC-3 0 ) were radioactively labeled using [g-32 P] ATP and T4 polynucleotide kinase as described previously. 8 Then, 2 mg of nuclear extract was incubated with a g-32 P-labeled double-stranded oligonucleotide probe, the binding reaction was carried out, bound complexes were separated by polyacrylamide gel electrophoresis and visualized by autoradiography as described previously. 8 A competition EMSA was performed by adding a 100-fold molar excess of unlabeled double-stranded oligonucleotide cold probes.
Phospho-MAPK antibody arrays p-SIN or v-FLIP/K13-HMVEC lysates were used for analysis of the phosphorylation state of all MAPKs using a human phospho-MAPK array kit (R&D Systems, Minneapolis, MN, USA) as described before. 8 Measurement of GSK3b activity by FACE GSK3b ELISA Phospho and total-GSK3b levels were measured in p-SIN or v-FLIP/K13-HMVECs by FACE (fast activated cell-based) ELISA kit (Active Motif Corp.) as described previously. 8 Western blot analysis Cell extracts were quantitated by BCA protein assay, and then equal amounts of protein (20 mg/lane) were separated by SDS-PAGE and electrotransferred to 0.45-mm nitrocellulose membranes. The membranes were blocked with 5% BSA, probed with specific antibodies and visualized using an ECL detection system. 5 Cell number and viability assays
The in vitro effects of COX-2 inhibition on cell numbers and viability were determined by traditional Trypan blue staining (evaluation of cell membrane integrity) and the quantitation of the number of viable cells with their metabolically active mitochondria (an index of cell proliferation) by the MTT-based colorimetric assay (ATCC, Manassas, VA, USA) as described previously. 
